Otx2 is expressed in the mesencephalon and prosencephalon, and Gbx2 is expressed in the rhombencephalon around stage 10. Loss-offunction studies of these genes in mice have revealed that Otx2 is indispensable for the development of the anterior brain segment, and that Gbx2 is required for the development of the isthmus. We carried out gain-of-function experiments of these genes in chick embryos with a newly developed gene transfer system, in ovo electroporation. When Otx2 was ectopically expressed caudally beyond the midbrainhindbrain boundary (MHB), the alar plate of the metencephalon differentiated into the optic tectum instead of differentiating into the cerebellum. On the other hand, when Gbx2 was ectopically expressed at the mesencephalon, the caudal limit of the tectum shifted rostrally. We looked at the effects of misexpression on the isthmus-and tectum-related molecules. Otx2 and Gbx2 interacted to repress each other's expression. Ectopic Otx2 and Gbx2 repressed endogenous expression of Fgf8 in the isthmus, but induced Fgf8 expression at the interface between Otx2 and Gbx2 expression. Thus, it is suggested that interaction between Otx2 and Gbx2 determines the site of Fgf8 expression and the posterior limit of the tectum. q
Introduction
Throughout the animal kingdom, segmentation is a common developmental process to make a complex body system from a simple structure (Gilbert, 1997) . In the development of the vertebrate central nervous system, segmentation is also a fundamental event (Lumsden and Keynes, 1989; Figdor and Stern, 1993; Puelles and Rubenstein, 1993) . Chick optic tectum is a good model to study segmentation due to its distinct structure, experimental accessibility and function. The isthmic region has been shown to have an organizing activity for the tectum (Martinez et al., 1991; Nakamura and Itasaki, 1992; Joyner, 1996) . The Fgf8 molecule has been suggested as a candidate for the organizing activity (Crossley et al., 1996; Martinez et al., 1999) .
We focused on Otx2 and Gbx2 genes for tectum development, because these genes are expressed in the central nervous system from a very early stage of development (Simeone et al., 1992; Bouillet et al., 1995) . Expression domains of these genes partially overlap in an early phase of development, then form a sharp border at the MHB by HH (Hamburger and Hamilton, 1951) stage 10 (Niss and Leutz, 1998; Shamim and Mason, 1998; Hidalgo-Sanchez et al., 1999a) . Otx2 is expressed in the prosencephalon and mesencephalon, and the caudal limit of its expression is indicated to correspond to that of the optic tectum (BallyCuif et al., 1995; Millet et al., 1996) . At E2.5 (around HH stage 17), Gbx2 is expressed strongly in the isthmus, and weak expression is observed throughout the rhombencephalon. Otx2 knock-out mice lack the forebrain, midbrain and rostral hindbrain (Acampora et al., 1995; Matsuo et al., 1995; Ang et al., 1996) . On the other hand Gbx2 knockout mice show abnormalities in the isthmus structure, and caudal extension of the midbrain (Wassarman et al., 1997) . These observations suggest that both Otx2 and Gbx2 contribute to tectum compartment formation. In order to show their active roles and relationship in tectum-compartment formation we misexpressed Otx2 and Gbx2 in chick embryos at E1.5 by in ovo electroporation (Muramatsu et al., 1997; Funahashi et al., 1999; Momose et al., 1999) .
Results
2.1. Otx2 causes metencephalic alar plate to differentiate into tectum 2.1.1. Gross morphological effect of Otx2 misexpression
Transfection of Otx2 caused large swellings in the metencephalic region (19/23 embryos examined at E6.5-7.5 (HH stage 30±32) bore swellings) (Fig. 1a) . Since these swellings showed a tectum-like structure (Fig. 1b±d) , some of the transfected embryos were kept alive until E10 (HH stage 36, Fig. 1e ). In normal embryos, the right and left rhombic lips have fused at the midline and differentiated into a single cerebellum by this stage. In the embryo shown in Fig. 1e , the right and left hemispheres have separated at the metencephalon. The right hemisphere is larger than the left one and resembles the tectum. Fig. 1f is a transverse section of this embryo at the level of nucleus laminalis (indicated by a bar on Fig. 1e ). The tectum of E10 embryos has 10 layers in addition to the neuroepithelium ( Fig. 1g ; LaVail and Cowan, 1971) . The outermost layer x is composed of optic ®bers (LaVail and Cowan, 1971) . In the ectopically developed swelling, we can discern nine layers (except for layer x), although the differentiation of each layer is not so good as that of the tectum proper (compare Fig. 1g and h ). Thus we concluded that the alar plate of the metencephalon which would have differentiated into the cerebellum, has been transformed into the tectum by Otx2 misexpression. Because of the route of optic ®bers and the gap between the tectum proper and the swelling, optic ®bers could not enter the tectum that had differentiated at the metencephalon. This may be the reason layer x is not differentiated in the ectopic tectum. The hemisphere on the control side has the external granular layer, and is regarded as a developing cerebellum (Fig. 1f) .
At 24 h after electroporation (E. 2.5, HH stage 17), the isthmic constriction on the Otx2-misexpressing side had diminished or disappeared in all embryos (21/21), and the tectal swelling seemed to continue to the metencephalic region in severe cases (Fig. 3b) . At E2.5-E3.5, there were many bulges corresponding to the Otx2 misexpression patches (84 out of 104 embryos ®xed) (Fig. 3d,e) . These bulges at the metencephalon may be an initial change in the formation of the ectopic tectal structure.
Effects of Otx2 misexpression on tectum-related molecules
Next, we looked at the relationship between ectopically expressed Otx2 and molecules expressed at the isthmus. At very early stages in normal development, Gbx2 is widely expressed posterior to Hensen's node (Bouillet et al., 1995; Niss and Leutz, 1998; Shamim and Mason, 1998) , then con®ned to the metencephalic region around stage 10 (Niss and Leutz, 1998; Shamim and Mason, 1998) . At E2.5 (HH stage 17), weak expression of Gbx2 is observed throughout the entire rhombencephalon, and strong ringlike expression is seen at the isthmus (Fig. 2b) . Otx2 and Gbx2 expressions abut at the isthmus. By Otx2 misexpression, Gbx2 expression was repressed so that ring-like expression of Gbx2 disappeared (4/4 and 12/12 embryos examined at HH stages 17 and 21, respectively) (Fig. 2a,c) .
We then examined Fgf8 expression, which normally overlaps with Gbx2 expression in the isthmus (compare Fig. 2b and d ; Hidalgo-Sanchez et al., 1999) . Fgf8 is a candidate signaling molecule for the isthmic organizer, since implantation of an Fgf8-soaked bead in the diencephalon induced the ectopic tectum (Crossley et al., 1996; Martinez et al., 1999) . Thus, it is important to test the effects of Otx2 misexpression on Fgf8 expression. At 24 h after electroporation (HH stage 17), Fgf8 expression in the isthmus was repressed by ectopically expressed Otx2 (6/6 embryos) (Fig. 2e) . By 36 h after electroporation (E3.0), Fgf8 expression was induced on and around the Otx2 misexpressing sites in the metencephalon (4/4 embryos examined at E3.0, HH stage 19±20, 12/12 embryos examined at E3.5, HH stage 21) (Fig. 2f±i ). This phenomenon is more obvious when transfection ef®ciency of Otx2 is low (Fig. 2j,k) . In the mesencephalon, Fgf8 was not induced by Otx2 misexpression (Fig. 2g) . Since Gbx2 is weakly expressed in the metencephalon at E3.0 (HH stage 19±20), it is suggested that Fgf8 expression is induced at the interface between Otx2 and Gbx2 expressions.
En is also required for tectum development (Wurst et al., 1994; Hanks et al., 1995) . At 24 h after electroporation (E2.5, HH stage 17), En-2 expression was not affected by Otx2 misexpression (4/4 embryos examined) (Fig. 3a±c) . However, by 48 h after electroporation (HH stage 21, 3/3 embryos examined) En-2 expression had been upregulated by Otx2, and the expression extended more caudally than the control (Fig. 3e) . The time lag between electroporation and En-2 induction, and wider En-2 induction than the Otx2 misexpression sites may indicate that some secreted molecules are involved in En-2 induction by Otx2. Fgf8 is the most plausible molecule, since Fgf8 can induce En-2 expression in the diencephalon and in the mesencephalon (Crossley et al., 1996; Schwarz et al., 1999) .
Pax2/5/8 are also expressed in the isthmus (Nornes et al., 1990; Adams et al., 1992; Asano and Gruss, 1992; Pfeffer et al., 1998) . Targeted mutation of Pax2/5 and the mutation of Pax2 in zebra®sh indicate the importance of these genes in isthmus organizing activity (Urba Ânek et al., 1994 Schwarz et al., 1997 Schwarz et al., , 1999 . By 24 h after electroporation (HH stage 17), Pax2 was induced just on the Otx2 misexpressing patches in the metencephalon (Fig. 3f±h) . At 24 h after electroporation, endogenous Pax5 expression was repressed by Otx2 misexpression (Fig. 3j) . By 48 h after that the external granular layer is differentiating on the control side (blue arrow). On the experimental side, the external granular layer is differentiated near the roof plate (indicated as egl on d) but interrupted by the swellings (asterisks on b). The brain in the E10 embryo has large separated hemispheres instead of a single cerebellum. The tectum at E10 has 10 layers (g) (LaVail and Cowan, 1971) . The right hemisphere of the metencephalon has nine layers, though differentiation of each layer is not so good as in the control (compare g and h). We concluded that the hemisphere of the metencephalon consists of tectal structure. In panel f, nucleus laminalis is not discerned on the experimental side (right-hand side). Nucleus laminalis derives from the alar plate, and since the fate of the alar plate of the experimental side has changed, this nucleus may not be differentiated. Scale bars, 500 mm for panels a,b,e; 200 mm for f; 100 mm for the others. Red arrowhead indicates the isthmic constriction. cel, cerebellum; cer, cereberum; di, diencephalon; ege, external granular layer; fp,¯oor plate; La, nucleus laminalis; ne, neuroepithelial layer; te, tectum; te-tect, ectopically differentiated tectum; roman numerals indicate the layer of the tectum. electroporation (HH stage 21), Pax5 expression was induced on the Otx2 misexpression sites in the metencephalon (Fig. 3j±l ).
Gbx2 misexpression causes anterior shift of caudal limit of tectum

Gross morphological effects of Gbx2 misexpression
After Gbx2 misexpression in the mesencephalon, the caudal limit of the tectum shifted rostrally, and the transfected tectum became smaller (11/11 embryos ®xed at E6.5 (HH stage 30) and 3/3 at E7.5 (HH stage 32) (Fig. 4a) . Sagittal sections of both the control and the Gbx2-transfected sides from the same embryo are shown as Fig. 4b ,c. The distance from the caudal limit of the tectum to the caudal limit of the rhombic lip was longer in the transfected side than in the control side (4/4 embryos examined at E6.5-7.5) (Fig. 4b,c) . A horizontal section of the tectum from an E6.5 embryo con®rms the rostral shift of the caudal limit of the tectum (Fig. 4d) . It is very dif®cult to say whether isthmus-related nuclei are enlarged or increased in number because of the dif®culty of identifying each nucleus. Embryos at stage 21 were stained with anti-neuro®lament antibody, 3A10, to see if the isthmus-related trochlear nerve is enlarged, or has duplicated roots. On the control side, a single bundle of trochlear nerve arising from the dorsal part of the isthmus was discerned (Fig. 4e) . On the Gbx2 transfection side, the trochlear nerve has an ectopic root and rami®ed into branches (Fig. 4f) .
The rostral part of the tectum was not affected by Gbx2 misexpression (Fig. 4d) , which may be a re¯ection that effects of Gbx2 misexpression on the downstream gene is regulated at the rostral part of the tectum, as shown in the next paragraph.
Effects of Gbx2 misexpression on tectum-related molecules
We also looked at the effects of Gbx2 misexpression on (j,k) . Panels a±c shown that ring-like expression of Gbx2 (blue-black) in the isthmus is repressed nearly completely by Otx2 (red), leaving the Gbx2 expression only on the ventral side (red arrow in a and c). Panel b is the control side of the embryo of a. Coloration ceased when the signals for ectopic Otx2 appeared so that endogenous Otx2 in the mesencephalon is not colored in any of the panels of this ®gure. Panel d and e are the control side and the experimental side at 24 h after electroporation, respectively. Panel e shows that Otx2 misexpression (red) repressed Fgf8 expression (blue-black) at the isthmus. Panels f and g are the control side and the experimental side at 36 h after electroporation, respectively. Fgf8 expression (blue-black) was induced at the metencephalon (g). Higher magni®cation of the area indicated by the rectangle on panel g (h: in situ hybridization for Otx2 (red); i: in situ hybridization for Otx2 (red) and Fgf8 (blue-black) shows that Fgf8 expression was induced on and around the periphery of Otx2 misexpression sites in the metencephalon. Arrowheads on h and i indicate the same points. This phenomenon is more conspicuous when transfection ef®ciency of Otx2 is low (j,k). Panel k is a higher magni®cation indicated by the arrow on j. Fgf8 expression was not induced in the mesencephalon. Scale bars, 25 mm for k; 100 mm for g and h; and 200 mm for the others. Red arrowhead indicates the isthmic constriction, cont: view from the control side. ms, mesencephalon; mt, metencephalon.
the molecules expressed in the isthmus and the tectum. At 24 h after electroporation (HH Stage 17), Otx2 expression was repressed in the Gbx2 misexpression sites throughout the tectum (5/5 embryos examined) (Fig. 5a,b) . By 48 h after electroporation (HH stage 21), Otx2 had been reexpressed in the rostral part of the tectum, but the caudal limit of Otx2 expression area had shifted rostrally (3/3 embryos examined) (compare Fig.5d and e). Corresponding to this shift, Gbx2 expression in the isthmus was up-regulated, and the expression zone shifted rostrally (Fig. 5c) . At 24 h after electroporation (HH stage 17), endogenous Fgf8 expression in the isthmic region was repressed at the strong Gbx2 misexpression sites, but it was induced in the periphery of the Gbx2 misexpression sites in the caudal part of the mesencephalon (7/7 embryos examined) (Fig. 5f±i) . In the metencephalon, Fgf8 expression was not induced (Fig. 5f ). These results indicate that Fgf8 is induced at the interface between the Gbx2 and Otx2 expression domains. At the rostral part of the mesencephalon, Gbx2 did not induce Fgf8 expression (Fig. 5f) .
We also looked at effects of Gbx2 misexpression on Pax2 and Pax5 expression. Misexpression of Gbx2 had widened the Pax2 expression belt in the MHB region (3/3 embryos examined) by 24 h after electroporation (HH Stage 17) (Fig.  5n) . Pax5 expression in normal E3 embryos is wider than Pax2 expression, and Gbx2 misexpression did not seem to affect the Pax5 expression pattern (3/3 embryos examined) (®gures not shown). Wnt-1 is also an indispensable gene for tectum development (McMahon et al., 1992) , and it is expressed at the dorsal midline and in the posterior mesencephalon at E2.5 (HH stage 17) (Millet et al., 1996) . After Gbx2 misexpression theWnt-1 expression ring in the posterior mesencephalon was broadened (Fig. 5j,k) . Wnt-1 expression was also induced near the dorsal midline, semi-parallel to it. Fig. 3 . Effects of Otx2 misexpression on En-2, Pax2 and Pax5 expression. Whole mount in situ hybridization for Otx2 (d,f,k), for Otx2 and Pax2 (g±i) and for Otx2 and Pax5 (j,l). Whole mount in situ hybridization for Otx2 and immunostaining with En-2 (a±c,e). E2.5 (HH stage 17) (a±c, f±i), and E3.5 embryos (HH stage 21) (d,e,j±l). En-2 expression is not affected at 24 h after electroporation (a±c, panel c is the photo from the control side), but extends more caudally than the control by 48 h after electroporation (compare the caudal limit of En-2 expression on the experimental side (right hand side) and control side (left hand side) on the dorsal view (e). Black arrowheads on e indicate the caudal limit of En-2. At E3.5 many bulges are formed corresponding to the Otx2 misexpression (arrows on d and e). Arrows on d and e indicate the same points. Panels f±i show the effects of Otx2 (red) on Pax2 (blue black) in the embryo 24 h after electroporation. Panel i is the control side. The embryo was ®rst hybridized for Otx2 (f), and next hybridized for Pax2 (g,j), then red color for Otx2 was destained with ethanol to show the induced Pax2 (h). These panels clearly show that Pax2 is induced on the Otx2 misexpression sites (arrows on f,g and h indicate the same points). Effects of Otx2 misexpression on Pax5 are shown in j±l. Ectopic Otx2 (red) repressed Pax5 expression (blue-black) at 24 h after electroporation (j). By 48 h after electroporation (k,l) Pax5 is induced in the metencephalon on the Otx2 misexpression sites (arrows on k and l indicate the same points). At E2.5 isthmic constriction is weakened by Otx2. Scale bars, 200 mm. Red arrowhead indicates the isthmic constriction. cont: view of the control side. ms, mesencephalon; mt, metencephalon; ne, neuroepithelial layer; te, tectum.
In summary, Gbx2 misexpression repressed Otx2 expression, and widened the expression belt of the genes around the isthmic region, but Gbx2 misexpression did not affect the expression of the genes that are expressed widely from the metencephalon to the mesencephalon, such as Pax5 and En-2 (3/3embryos examined) (®gures not shown). Taken together, widening of the expression belt around the isthmus by Gbx2 misexpression appears to be responsible for the rostral shift of the caudal limit of the tectum.
Discussion
What molecules are necessary for tectum development?
The most striking result of the present study is that ectopic expression of Otx2 in the metencephalon changed its fate to differentiation into the tectum. The metencephalon and mesencephalon may differentiate under the same signaling molecule emanating from the isthmus. What, then, makes the mesencephalon distinct from the metencephalon? We propose that the brain vesicle in which Otx2, En and Pax2 are expressed differentiates into the tectum. Normally, Otx2 is expressed in the prosencephalon and the mesencephalon. En1 and Pax2 are also expressed in the entire presumptive tectal region at an early stage, as shown by Shamim et al. (1999) ; Araki and Nakamura (1999) . We have shown that misexpression of Otx2 in the metencephalon changed its fate to differentiation into the tectum. Pax2 and En were induced in the metencephalon when the metencephalon was transformed into the tectum after Otx2 misexpression. Similar results were obtained in the transgenic mice (Broccoli et al., 1999) . When the presumptive diencephalon was transformed to the tectum by implantation of an Fgf8 bead, by transfection of Pax2/5, or by En (either En1 or En2), Pax2 and En are always induced (Crossley et al., 1996; Araki and Nakamura, 1999; Funahashi et al., 1999; Martinez et al., 1999; Okafuji et al., 1999; Red arrows on panel a show the caudal limit of the optic tectum. On d, rostral (r) and caudal (c) directions are indicated by the arrow, and experimental (Gbx2 transfect) and control (cont) sides are indicated. Vertical bars on b and c indicate the distance from the caudal limit of the tectum to the caudal limit of the rhombic lip. On the control side, a single bundle of trochlear nerve is discerned (arrow on e). On the experimental side, an accessory root (black arrowhead) is discerned in addition to the main root (arrow), and three branches are discerned (white arrowheads. In order not to obscure the branches, one branch is not indicated). Scale bars, 500 mm for a; 200 mm for others. Di, diencephalon; ms, mesencephalon; mt, metencephalon; rl, rhombic lip; te, tectum. 1999). Otx2 is expressed endogenously in the diencephalon. Thus, in the region where Pax2, En and Otx2 are expressed, the gene expression cascade may be respeci®ed and directed toward the optic tectum.
Repression of Otx2 expression by Gbx2 in the caudal part of the mesencephalon may turn off the gene expression cascade toward the optic tectum (this study and Millet et al., 1999 ), but may turn it on toward the metencephalon. Misexpression by our system is transient so that regulation may have occurred after Gbx2 misexpression. Consequently, Gbx2 misexpression did not cause so drastic a fate change as that of Otx2, but it did cause widening of the isthmic area.
Induction of Fgf8 at the interface of Otx2-Gbx2 expression
We have shown that Otx2 misexpression induced Fgf8 expression in the metencephalon, but not in the mesencephalon (Fig. 2f) . Gbx2 misexpression also induced Fgf8 expression at the periphery of its misexpression sites in the mesencephalon, but not in the metencephalon. Since Fig. 5 . Effects of Gbx2 misexpression on tectum-related molecules. Whole mount in situ hybridization for Gbx-2 (a,c), for Otx2 (b,d,e), for Gbx2 and Fgf8 (f± h), for Fgf8 (i), for Gbx2 and Wnt-1 (j), for Gbx2 and Pax2 (m), for Wnt-1 (k), and for Pax2 (l). E2.5 (a,b,f±i,j±m), E3.5 (c±e). (a,b), (c,d), (h,i) and (j,k) are the same view of the same embryo, respectively. l (control side) and m (experimental side) are the same embryo. At 24 h after electroporation, Otx2 (blue-black) was repressed throughout the mesencephalon (a, b) by Gbx2 misexpression (red). Arrows on a and b indicate the same points showing that Otx2 (blue black) expression is repressed at the Gbx2 misexpression sites (red). By 48 h after the Gbx2 misexpression (red), the Gbx2 expression area had shifted rostrally (asterisks on c). Corresponding to the rostral shift of Gbx2 expression, Otx2 (red) expression is repressed near the MHB (asterisks on d). In the anterior part of the mesencephalon Otx2 expression was regulated and re-expressed (d). Comparison of panels d and e (control side) clearly shows a rostral shift of the caudal limit of Otx2 expression. Panels f±i show that endogenous Fgf8 expression (blue-black) is repressed by Gbx2 misexpression (red) (1 and 2 on panels f and g), but is induced at the periphery of Gbx2 misexpressing sites (3 and 4 on panels f and g). The Wnt-1 expression ring (blue-black) in the posterior mesencephalon is perturbed (j,k) by Gbx2 misexpression (red). Normally, Pax2 is expressed as a ring at the isthmus at E2.5 (l). The Pax2 expression (blue-black) ring at the isthmus is widened (compare l and m) by Gbx2 misexpression (red). After double detection of Gbx2 (red) and Otx2 (blue black) (e±i), or Gbx2 (red) andWnt-1 (blue-black) (n,o) mRNAs, red color was de-stained with ethanol (f,h,i,m,o). Scale bars, 50 mm for k; 200 mm for others. Red arrowhead indicates the isthmic constriction. cont: view from the control side. Di, diencephalon; ms, mesencephalon; mt, metencephalon; rl, rhombic lip; te, tectum. Fgf8 has the tectum-inducing activity in the presumptive diencephalon, it is very interesting to consider the mechanisms of Fgf8 induction. Our results indicate that Fgf8 was induced at the interface of Otx2 and Gbx2 expression, since Otx2 and Gbx2 are expressed endogenously in the mesencephalon and the metencephalon, respectively. Similar results were obtained by transplantation experiments (Hidalgo-Sanchez et al. 1999b; Irving and Mason, 1999) . But this does not simply mean that Gbx2 and Otx2 directly induce Fgf8. A recent paper by Irving and Mason (1999) has shown that Fgf8 was induced when midbrain and rhombomere 1 were juxtaposed but not when midbrain and rhombomere 2 were. Their in vitro studies showed that a diffusible signal was involved in Fgf8 induction. In the present study, it seems that Fgf8 could be induced in rhombomere 1 not in rhombomere 2 after transfection of Otx2 (see Fig. 2g ). The situation is somewhat different in these two studies, but the diffusible signal may contribute to induction of Fgf8 after transfection of Otx2 and Gbx2. This diffusible signal may be distributed, or could be induced from the mesencephalon to rhombomere 1.
In Fgf8 induction after misexpression of Otx2 and Gbx2, Pax2 may also be involved. Pax2 expression was the ®rst to be induced by Otx2 misexpression in the metencephalon. Pax2 expression had been induced 24 h after electroporation, while Fgf8, Pax5 or En-2 induction was not observed at 24 h after electroporation. Ectopic Fgf8 expression was detected at 36 h after electroporation. Fgf8 induction by Gbx2 misexpression was con®ned to the posterior mesencephalon, where Pax2 was induced by Gbx2 (see Fig. 5m ). A recent paper by Schwarz et al. (1999) strongly supports this hypothesis. They reported that in Pax2/5 de®cient mice, Fgf8 expression had completely disappeared, and that the mesencephalon/metencephalon primordium was completely missing.
Otx2-Gbx2 interaction may help de®ne the site of Fgf8. In null mutant mice of Gbx2, Fgf8 expression extends caudally (Wassarman et al., 1997) . On the other hand, in Otx1 2/2
/Otx2
2/1 mice Fgf8 and Gbx2 expressions extend rostrally (Acampora et al., 1997 (Acampora et al., , 1998 Suda et al., 1997) . When Otx2 misexpression induces Fgf8 in the metencephalon, the induced Fgf8 may turn on the positive feedback loop of Fgf8 and Pax5. Consequently, Fgf8 expression extends in the metencephalon (see Fig. 2f±k ), and subsequent En-2 expression may be induced. In the mesencephalon, Otx2 may prevent propagation of Fgf8 expression so that Fgf8 expression is restricted in small patches (see Fig.  5f±i ).
After Gbx2 misexpression in the mesencephalon, Pax2 or Fgf8 was induced only in the posterior mesencephalon. It has been suggested that En expression is repressed in the anterior part of the mesencephalon and the posterior part of the diencephalon (Itasaki et al., 1991) . Our unpublished data suggest that Grg4 is responsible for repression of En expression (Sugiyama et al., unpublished data) . Grg4 also represses the expression of Fgf8 and Pax5. Gbx2 misexpression may not be so strong enough to overcome the repressive activity of Fgf8 and Pax2.
Conclusion
In summary, Otx2 misexpression in the metencephalon transforms the tissue into the tectum. Secondly,Otx2-Gbx2 interaction may de®ne the Fgf8-expressing site, that is, the site of the isthmus organizer. Thirdly, Otx2 and Gbx2 downregulate each other's expression, which may result in sharp boundary of the expression areas of these molecules, and Otx2-Gbx2 interaction consequently delineates the caudal limit of the optic tectum.
Method
Probes and cDNAs
Gbx2 cDNA was cloned by PCR on E2 chick cDNA library. Otx-2 cDNA was cloned with 700 bp of SacI and DraI fragments as a probe. The 700 bp Pax-2 and Pax-5 probes were cloned by Funahashi Okafuji et al., 1999) . Otx-2, Wnt-1 and Fgf8 probes are kind gifts of Drs. Kitamura, Wassef and Noji, respectively.
In ovo electroporation
For in ovo electroporation, Otx2 and Gbx2 cDNAs were inserted in expression vector, pMiwSV (Wakamatsu et al., 1997) .
In ovo electroporation was carried out as described previously . Brie¯y, fertile chicken eggs obtained from a local farm were incubated at 388C. At about 36 h of incubation (stage 10 and 10-somite stage), plasmid solution was injected into the central canal of the neural tube. The electrodes (0.5 mm in diameter, 1.0 mm in length; Unique Medical Imada) were placed on the vitelline membrane at a distance of 4 mm, and then 4 £ 25 V, 50 ms rectangular pulses were charged by electroporator (T820 and OPTIMIZERe 500, BTX or CUY, Tokiwa Science). Since DNA is negatively charged, only the anode side of the neural tube is transfected. The other side is used as a control. More than 50% of the cells in the electric ®eld are transfected, though expression is transient. In some cases, pMiwZ (Suemori et al., 1990) , which carries lacZ, was co-injected to monitor the transfection. b -galactosidase was detected on whole-mount-embryos in the substrate of 5-bromo-4-chrolo-3-indolyl-b -D-galactosidase (Xgal) after ®xation with 1% glutaraldehyde.
Since transfection of younger embryos (stage 7±9) gave similar results as on the embryos at stage 10, we used embryos at stage 10 throughout the study because of better survival rate of the transfected embryos.
In situ hybridization
Embryos were ®xed with 4% paraformaldehyde, and whole-mount in situ hybridization was carried out according to the method of Bally-Cuif et al. (1995) . For doublecolored in situ hybridization, one probe was labeled with uorescein isothiocyanate (FITC), and the other probe was labeled with digoxigenin (DIG). Alkaline phosphatase (ALP)-conjugated anti-FITC and anti-DIG antibodies were colored with Fast Red/Naphthol AS/MX (red), and nitroblue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) (purple), respectively. In some cases, the red color was de-stained with ethanol to show the effect clearly.
Immunohistochemistry
Embryos were ®xed with 4% paraformaldehyde, and whole mount immunohistochemistry was carried out according to the method of Patel et al. (1989) . Immunostaining for En-2 was carried out after in situ hybridization. Embryos for immunostaining for neuro®laments were treated with 0.25% trypsin after ®xation. The antibodies used were an anti-En-2 antibody, 4D9, obtained from American Type Culture Collection, and an anti-neuro®lament antibody, 3A10, obtained from Developmental Studies Hybridoma Bank (Iowa University, IA). As a second antibody, horseradish peroxidase-conjugated anti-mouse IgG (Jackson, West Groove, PA) was used. DAB (3,3
H -diaminobenzidine) was adopted as the chromogen.
Histology
After ®xation with Bouin's solution, specimens were embedded in paraf®n, or in Historesin (Leica), serially sectioned at 7 mm, and stained by hematoxylin and eosin.
